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CATALYSIS
Super-dry reforming of methane
intensifies CO2 utilization via
Le Chatelier’s principle
Lukas C. Buelens,1 Vladimir V. Galvita,1* Hilde Poelman,1
Christophe Detavernier,2 Guy B. Marin1*
Efficient CO2 transformation from a waste product to a carbon source for chemicals and
fuels will require reaction conditions that effect its reduction. We developed a “super-dry”
CH4 reforming reaction for enhanced CO production from CH4 and CO2.We used Ni/MgAl2O4
as a CH4-reforming catalyst, Fe2O3/MgAl2O4 as a solid oxygen carrier, and CaO/Al2O3 as
a CO2 sorbent.The isothermal coupling of these three different processes resulted in higher
CO production as compared with that of conventional dry reforming, by avoiding back
reactions with water. The reduction of iron oxide was intensified through CH4 conversion
to syngas over Ni and CO2 extraction and storage as CaCO3. CO2 is then used for iron
reoxidation and CO production, exploiting equilibrium shifts effected with inert gas
sweeping (Le Chatelier’s principle). Super-dry reforming uses up to three CO2 molecules
per CH4 and offers a high CO space-time yield of 7.5 millimole CO per second per kilogram
of iron at 1023 kelvin.
O
ne strategy for mitigating CO2 emissions
is to use it to produce value-added chemi-
cals or fuels (1–4). Its conversion canprovide
an efficient means of storing renewable
energy (5) because the produced chemi-
cals and fuels have a high energy density (3).
Biological processes can reduce CO2 (6)—for ex-
ample, conversion into carbohydrates via pho-
tosynthesis—but are relatively slow. Threemain
approaches have been used to overcome the
endothermicity of CO2 in an industrial setting:
(i) Electrochemical reduction makes use of a
(photo)electric current (7, 8). (ii) Thermal re-
duction splits CO2 into CO andO2, typically above
1400 K. Despite the advances made in high-
temperature solar heat accumulation and the
development of promising thermochemical redox
cycles (9–12), its commercial application still faces
several major challenges (12). (iii) Chemical re-
duction of CO2 involves the rearrangement of
chemical bonds in a reducing agent such asmeth-
ane (CH4) (13–15) or H2. Compared with electro-
chemical, thermal, and biological processes, dry
reforming of CH4 (DRM) (Eq. 1), a chemical
reduction process that produces CO and H2
(“syngas”), has actually been developed on a
commercial scale for steel industry (16).
CH4 (g) + CO2 (g) → 2CO (g) + 2H2 (g)
DH°298K = 247 kJ molCH4
−1 (1)
However, because DRM proceeds in condi-
tions in which water is generated, the water-
gas shift (WGS) reaction (Eq. 2) can lead to
unwanted back-reaction to CO2.
CO (g) + H2O (g) ⇌ CO2 (g) + H2 (g)
DH°298K = –41 kJ molCO
−1 (2)
We propose an approach for CO2 transforma-
tion through chemical reduction that leads to
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Fig. 1. Schematic representation of the pro-
posed process. Super-dry reforming of CH4-
enhanced CO production from CH4 and CO2. In the
CH4 oxidation step, Ni catalyzes the CO2-reforming
of CH4 into syngas, Fe3O4 is reducedby syngaswith
formation of CO2 and H2O, and carbonation of CaO
yields in situ CO2 removal. Overall, CH4 is oxidized
into CO2 and H2O, Fe3O4 has been reduced to Fe,
and CaCO3 has been formed from CaO and CO2.
TheCO2-reduction step consists of CaCO3 decom-
position into CaO and CO2 and Fe oxidation to
Fe3O4 through the reduction of CO2 into CO.
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intensified CO production. Super-dry reforming
of CH4 uses earth-abundant materials 90CaO/
Al2O3 as a CO2 sorbent, 50Fe2O3/MgAl2O4 as a
solid oxygen carrier (17), 10NiO/MgAl2O4 as a
CH4 reforming catalyst (18), a ratio of CO2 to
CH4 that approaches 3:1, and two flow processes
(Fig. 1). Although the reaction proceeds at high
temperatures (1023 K), carbon deposition is
avoided.
The application of CaO as a CO2 sorbent has
received much attention for several applications,
among which are sorption-enhanced steam re-
forming for H2 production (19) and combined
chemical looping (5). All of these processes, how-
ever, require a temperature swing to regenerate
the CO2 sorbent. In this work, we applied CaO
as a CO2 sorbent in an isothermal fashion. Be-
sides improving the total oxidation of CO by
Fe3O4 following Le Chatelier’s principle, the re-
moval of CO2 by CaO during CH4 oxidation has
several other benefits. First, in situ CO2 removal
allows the use of reducing gas feedstocks that
are ranked lower in the value chain than natural
gas—for example, biogas containing up to 40%
CO2—that are cheaper than natural gas. The
effect of in situ CO2 removal is best assessed
by defining the ratio between reducing and oxi-
dizing gases, also called the reduction capacity
(Rc) of the gas mixture (Eq. 3)
Rc ¼ pCO þ pH2
pCO2 þ pH2O
ð3Þ
The most stable oxidation state of Fe tends to
decrease with increasing reduction capacity. An-
other benefit lies in the combination of CaCO3
formation, an exothermic process, with CH4-
reforming and iron oxide reduction reactions,
which are mostly endothermic processes (table
S1) (20). Moreover, upon isothermal decompo-
sition of CaCO3, CO2 is released during the CO2
reduction step and converted in situ into CO over
the adjacent solid oxygen carrier. By switching
the feed to an inert sweep gas in the CO2 reduc-
tion step, the remainingH2O formed during CH4
oxidation is purged, and the formation of an equi-
librium mixture of CO2, CO, H2O, and H2 is cir-
cumvented. Thus, the proposed process avoids
loss in CO yield caused by theWGS reaction and
is “super-dry.” Instead, a mixture of mainly CO
along with CO2 is formed, resulting in a more
efficient utilization of CH4 for CO2 conversion.
This method for intensified CO2 utilization is
termed “super-dry reforming of CH4.” The global
reaction of this two-step process is shown in Eq.
4, in which CO andH2O are inherently separated
because of the two-step process configuration
CH4 (g) + 3CO2 (g) → 4CO (g) + 2H2O (g)
DH°298K = 330 kJ molCH4
−1 (4)
Despite the apparently higher endothermicity of
the super-dry reforming process as compared
with that of conventional DRM (Eq. 1), the
required heat input per mole CO2 converted is
much lower (110 kJ mol−1CO2 compared with
247 kJ mol−1CO2 ). Last, given the availability of a
renewable source of H2, applications are possi-
ble in which CO and H2 can be combined in
different ratios for the formation of chemicals or
fuels (2, 21, 22). Indeed, an efficient and separate
production of high-purity CO and H2 would fur-
ther establish the role of syngas as a versatile
and flexible platform mixture.
The role of calcium oxide for the reducibility
of iron oxide was studied through time-resolved
in situ x-ray diffraction (XRD). CaO promoted
by Al2O3 was used as the CO2 sorbent because of
its stability during cycles of carbonation and re-
generation. The role of Al2O3 is to cover the
active CaO phase and improve its resistance to
sintering. An example of this property is given
in Fig. 2A, which shows the enrichment of Al2O3
on the surface of CaO particles. The oxygen car-
rier material consists of active Fe2O3 particles,
dispersed in amatrix ofMgAl2O4particles (Fig. 2B).
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Fig. 2. Characterizationstudies. (A and B) Energy-dispersive x-ray elemental map
of fresh (A) 90CaO/Al2O3 and (B) 50Fe2O3/MgAl2O4. (Inset) Corresponding bright-
field scanning transmission electron microscopy (BF-STEM) image. (C and D) 2D
in situ XRD map representing experiments with (C) 50Fe2O3/MgAl2O4 and (D)
50Fe2O3/MgAl2O4 + 90CaO/Al2O3 [1:2 weight % (wt %)] at pressure (p) = 1.013
bar, temperature (T) = 1023 K, and feed flow rate (F0) = 1.8 Nml s
−1 (5%H2 and 5%
CO2 in N2; 100% He; 100% CO2). White arrows indicate the reduction of Fe3O4 to
FeO/Fe and subsequent reoxidation to Fe3O4. (E and F) In situ XRD cross sections for
(E) 50Fe2O3/MgAl2O4 at 0, 500, 800, and 1500 s and (F) 50Fe2O3/MgAl2O4 +
90CaO/Al2O3 at 0, 300, 800, and 2000 s. Brown line, Fe2O3 (35.9°); dotted pink line,
Mg-Fe-Al-O (37°); dot-dashed dark blue line, Fe3O4 (35.6°); dashed light blue line, FeO
(42.2°); dot-dot-dashed gray line, Fe (44.6°); and black double line, CaO (37.6°).
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This structure provides high thermal stability
(fig. S15) (20) and hence allows the maintain-
ing of high redox activity of the oxygen carrier.
A two-dimensional (2D) representation of XRD
spectra is shown in Fig. 2C, taken while treating
Fe2O3/MgAl2O4 with an equimolar feed of H2
and CO2 at 1023 K. In Fig. 2E, a selection of single
XRD patterns corresponding with cross sections
of the 2D map in Fig. 2C are presented.
To study the influence of CaO as CO2 sorbent,
a similar experiment was performed, in which
CaO/Al2O3 was added to Fe2O3/MgAl2O4 in a
physical mixture with a weight ratio of 2:1. The
in situ XRD results are presented in Fig. 2, D
and F. In this case, applying an equimolar feed of
H2 and CO2 at 1023 K allowed the reduction to
reach equilibrium between FeO and Fe. These
findings are in good agreement with thermo-
dynamic calculations (fig. S7) (20). Indeed, the
latter indicate that the applied conditions lie
near the equilibrium line of Fe3O4 and FeO
where no CO2 is removed. On the basis of ther-
modynamic equilibrium between CaO and CaCO3
(fig. S5) (20) and Eq. 4, the expected effect of
the CO2 sorbent is to reduce the partial pressure
of CO2 and thereby increase the reduction capac-
ity Rc . Hence, the extent of reduction has in-
creased drastically (fig. S7, equilibrium line FeO/
Fe) (20). Thus, the addition of CaO improves the
reduction of iron oxide when applying a mixture
of reducing and oxidizing gases such as biogas.
On the basis of thermodynamic calculations
(figs. S3 and S4) (20) and experimental results
(fig. S8) (20), working conditions were selected
to obtain a high CH4 conversion (> 99%) while
avoiding formation of carbon deposits. These
conditions efficiently use CH4 as reducing agent,
resulting in a lower oxidation state of Fe in the
oxygen carrier after the CH4 oxidation step and a
higher yield of CO in the CO2 reduction step.
Shown in Fig. 3A are the results obtained under
isothermal operation at 1023 K of the process
scheme as given in Fig. 1. At breakthrough of
CO2, after 20 s of CH4 oxidation, the feed was
changed to He as sweep gas to initiate the CO2
reduction. As CaCO3 decomposed, CO2 was re-
leased and immediately converted into CO over
FeO and/or Fe, which is thereby oxidized to Fe3O4.
The experiment shown in Fig. 3A resulted in
an integrated yield of 2.9molCOmol
−1
CH4
(table S4)
(20), which proved to be stable over 25 cycles.
In comparison with the theoretical CO yield of
2 molCO mol
−1
CH4
corresponding with the conven-
tional DRM (Eq. 1), a 45% higher CO yield is
obtained. However, when feeding extra CO2 sub-
sequent to the super-dry reforming process, an
additional amount of CO was formed. This
additional CO indicates that FeO and/or Fe
was not completely reoxidized into Fe3O4 upon
CO2 release by decomposition of CaCO3 and
brought the maximum CO yield to 3.9 molCO
mol−1CH4. This yield corresponds well with the
global reaction stoichiometry for super-dry re-
forming of CH4 (Eq. 4). The actual CO yield
could be further improved by increasing the
amount of CO2 fed to the reactor in the first
step—for example, to 3.1 molCO mol
−1
CH4
when
feeding CH4:CO2 in 1:4 molar ratio (fig. S18 and
table S4) (20), albeit at the cost of a lower overall
CO2 conversion (62 versus 73%) and a reduced
purity of the CO product stream. Alternatively,
an improved CO yield could be achieved by
changing the reactor configuration from alter-
nating cocurrent feed to alternating counter-
current feed operation (23).
Presented in Fig. 3B is a dynamic simulation
of the space-time yield of CO and CO2 when
considering a multireactor configuration (fig. S2
and eq. S7) (20), starting from the single-reactor
experiment (Fig. 3A). Similar configurations are
successfully applied on an industrial scale, for
instance in pressure swing adsorption units for
H2 production and recovery. The results indi-
cate that using this configuration, a space-time
yield of 7.5 mmolCO s
−1 kg−1Fe could be achieved
in cyclic steady state, forming a product stream
composed of 85% CO and 15% CO2. Besides CO,
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Fig. 4. Thermodynamics studies.
(A) CH4 dry reforming equilibrium
molar fraction of CO as a function of
CO2:CH4 feed ratio and temperature
(p = 1.013 bar). (B) Equilibrium exergy
destruction (kilojoules per mole CO2
converted) as a function of CO2:CH4
feed ratio and temperature (p = 1.013
bar). The region under the black curve
represents the conditions under which
carbon formation is thermodynami-
cally favorable, and the oval shows the
region of interest for conventional dry
reforming of CH4 (DRM regime). The
solid-circled “X” indicates the con-
ditions and value that apply to super-
dry reforming.
Fig. 3. Reaction studies. (A) Space-time yield
during a cyclic experiment performed in a single-
reactor configuration by using 10NiO/MgAl2O4 +
50Fe2O3/MgAl2O4 + 90CaO/Al2O3 (1:3:6 wt %) at
T = 1023 K, p = 1.3 bar, and F0 = 1.35 10
−6 mol s−1
(CH4:CO2 in 1:3molar ratio; He as sweep gas). Dot-
dot-dashed dark gray line, CH4; dotted light blue
line,CO; dot-dashed pink line, H2; dark blue line,CO2;
and dashed brown line, H2O. Error bars indicate the
95% confidence interval based on five repeat ex-
periments. (B) Dynamic simulation of the space-time
yield when applying the conditions and results of the
single-reactor experiment shown in (A) to an eight-
reactor configuration for super-dry reforming of CH4
(fig. S2). Light blue line,CO; dark blue line,CO2.Thick
curves in (B) are guides to the eye, representative for
the time-averaged space-time yield. Space-time yield
for single reactor and for multitubular reactor con-
figuration are calculated with eqs. S5 and S7.
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water vapor was produced in high purity in the
case of full CH4 conversion. Because a sweep gas
was used, the CO in the product stream was
diluted, and a molar fraction of 0.56 rather than
0.85 was obtained. However, this is still 30%
higher than the equilibrium molar fraction of
CO in conventional dry reforming at the same
conditions (Fig. 4A). Moreover, our goal was not
to optimize the flow of sweep gas, but rather to
highlight the possibilities based on a combina-
tion of known processes. Hence, it may be pos-
sible to further increase the yield and purity of
CO by fine-tuning process variables, reactor con-
figuration, or materials. This flexibility is not evi-
dent at all for the conventionalDRMprocess,which
is limited in yield by the WGS reaction (Eq. 2).
Exergy calculations (which account for ir-
reversible losses) were performed to estimate
the energetics of the proposed process (Fig. 4B
and fig. S23B) (20). Along with the advantage
of improved product purity, super-dry reforming
of CH4 also resulted in a very low exergy de-
struction per mole CO2 converted (Fig. 4B). In-
deed, the exergy destruction for CO2 conversion
is up to 25 to 50% lower as compared with that
of conventional DRM. The latter typically requires
operating temperatures of 1073 to 1273 K in order
to reach high-equilibrium conversion of CH4 and
CO2 while minimizing the thermodynamic driving
force for carbon formation (13). Compared
with these requirements, super-dry reforming
shows both practical and economic benefits.
For one, the requirement of a noble metal cat-
alyst in order to mitigate excessive carbon for-
mation (13) becomes obsolete because conditions
of super-dry reforming are thermodynamically
unfavorable for carbon deposition. Hence, the
application of cheaper Ni-based catalysts is per-
fectly feasible, even at temperatures as low as
1023 K.
The product streams of super-dry reforming
have a higher purity than those of conventional
CH4 reformers, which should reduce separation
costs. Moreover, by applying Le Chatelier’s prin-
ciple to lift CO2 utilization efficiency, each mole-
cule of CH4 theoretically allows the conversion of
three molecules of CO2, making super-dry re-
forming of CH4 an intensified process for iso-
thermal CO2 utilization. The presence of a CO2
acceptor, in this case CaO, allows for the appli-
cation of renewable feedstocks such as biogas as
a reducing agent for iron oxide reduction.
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Using climate models to estimate
the quality of global observational
data sets
François Massonnet,1,2* Omar Bellprat,1
Virginie Guemas,1,3 Francisco J. Doblas-Reyes1,4
Observational estimates of the climate system are essential to monitoring and
understanding ongoing climate change and to assessing the quality of climate models used
to produce near- and long-term climate information. This study poses the dual and
unconventional question: Can climate models be used to assess the quality of
observational references? We show that this question not only rests on solid theoretical
grounds but also offers insightful applications in practice. By comparing four observational
products of sea surface temperature with a large multimodel climate forecast ensemble,
we find compelling evidence that models systematically score better against the most
recent, advanced, but also most independent product. These results call for generalized
procedures of model-observation comparison and provide guidance for a more objective
observational data set selection.
T
here is now overwhelming evidence that
Earth’s climate has changed at an unusual-
ly rapid pace during the last century, that
these changes bear a clear human signa-
ture, and that they will be enhanced if an-
thropogenic emissions continue unabated (1). The
development of large-scale observational networks
has been a major advance to reaching such levels
of evidence. Observations of essential climate var-
iables [e.g., sea surface temperature (SST), sea
ice extent (2)] are indeed central for the study of
climate variability (1), for detection and attribu-
tion of human-induced climate change (1, 3), and
for constraining long-term projections (1, 4). Ma-
jor international and coordinated observing pro-
grams are currently underway to continue these
efforts (5). However, with the emergence of mul-
tiple observational references (ORs), sometimes
divergent, a natural question arises: What is the
underlying quality of these products? A direct
answer to this question is not easily achieved
because there is by definition no universal knowl-
edge of the true state of our climate (6).
Here we present a framework for the evalu-
ation of ORs addressing this gap. The approach
relies on the use of climate models taken as
references, and not as subjects of assessment as
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